Adolescence is a period associated with the initiation and escalation of substance use and is also a time during which substantial changes take place in neural development, personality and behavior. Although rates of substance use between adolescent girls and boys do not differ substantially, there is evidence for sex differences in underlying vulnerability pathways associated with the development of substance use disorder. Here we review sex differences in adolescent brain development and how these differences may contribute to different risk pathways between females and males that emerge during this developmental period. We also discuss methodological considerations in the study of sex differences in brain and behavior and their implications for interpretation. We close by highlighting promising areas for future work.
Introduction
Rates of substance use rise sharply throughout adolescence and peak in young adulthood [1, 2] . While rates of past year substance use disorder (SUD) in 12-17 year olds are similar between females (4.5%) and males (4.0%), differences emerge in early adulthood, with higher rates of SUD in males aged 18 or older (10.1%), compared with females (5.7%) [3] . Likewise, sex differences in substance use are small to nonexistent in adolescents but by age 18 men drink more frequently, in larger quantities, and have greater rates of nicotine and marijuana use [4, 5] . Therefore, sex differences in substance use vary by age with small differences in adolescence that increase in young adulthood. It is not clear whether this represents true developmental differences or 'cohort effects' with current rates in adolescents reflecting changing cultural attitudes [6 ] : girls have historically had a lower prevalence of nicotine and marijuana use, but this difference has decreased over time [7, 8] . Gendered behavior arises from a complex interaction of multiple influences including prevailing culture and social-level and individuallevel factors; these factors are profoundly different for boys and girls. In human research, it is rarely possible to 'control for' the gendered environment and only examine biological sex [9] . We use the term sex in this review with the understanding that in humans it represents both biological sex and sociocultural influences.
Adolescence is not only associated with the initiation and escalation of substance use, but is also a time during which substantial changes in neural development, personality and behavior take place [10] . Models of adolescent brain development propose maturational changes that may contribute to normative increases in substance use during the teen years. However, these models do not explicitly consider sex differences. Although rates of substance use between adolescent girls and boys do not differ substantially, evidence indicates there are sex differences in underlying vulnerability pathways associated with SUD. Externalizing and internalizing problems often precede the initiation of substance use and are associated with a more severe and persistent course of SUD [11] . The externalizing pathway is characterized by rule-breaking, impulsivity, aggression, and sensation-seeking. Males generally show greater externalizing behavior than females [5] . In adolescent males, conduct and attention deficit hyperactivity disorders are most frequently cited as increasing SUD risk (reviewed in [6 ] ). The internalizing pathway is characterized by negative affect, depression, and anxiety [11] . On average, females show greater internalizing behavior than males [12] . Sex differences in depression emerge in puberty with higher rates in females [6 ] , and females have higher prevalence of comorbid depression or anxiety that typically predate SUD onset [13] . Thus, females are more likely to have an internalizing pathway and males more likely to have an externalizing pathway to SUD.
Next, we provide an overview of sex differences in adolescent brain development and discuss how they may contribute to divergent risk pathways (Figure 1) . Due to the paucity of information available on sex differences in neurochemical pathways during adolescence in humans, the focus here is on brain structure and function (see [6 ] for a review of sex differences in neurochemical 
